Background: Spinal muscular atrophy (SMA) is a neuromuscular disorder characterized by muscle weakness and muscle atrophy. Nusinersen acts as a splicing modifier and has recently been approved for intrathecal treatment of SMA. Objective: Prior to approval, nusinersen was provided to patients with SMA type 1 in Germany within an Expanded Access Program (EAP). In contrast to previous clinical trials, children of different age groups and different stages of the disease were treated with nusinersen. Methods: We conducted a prospective, longitudinal data collection of patients treated with nusinersen within the EAP in seven neuromuscular centers in Germany. Standardized assessments including CHOP-INTEND and HINE-2 motor milestones were performed at baseline and 60 and 180 days after start of treatment. Results: Data from 61 SMA type 1 patients (mean age 21.08 months, range 1-93) were available for analysis. After six months of treatment, 47 children (77.0%) improved by ≥4 points in CHOP INTEND score. Mean change in CHOP INTEND score was 9.0 ± 8.0 points. Nineteen patients (31.1%) improved by ≥2 points in HINE-2 motor milestones. Regression analysis revealed age at onset of treatment as major determinant of change in CHOP INTEND from baseline. Conclusion: When analyzing a broad spectrum of SMA type 1 patients, many children showed an improvement of motor function after six months of treatment with nusinersen, which is generally not expected within the natural course of the disease. Long-term observation and follow-up of patients with later onset types of SMA are crucial to understand the clinical impact of treatment with nusinersen.
INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomalrecessive disorder caused by a homozygous deletion in the survival motor neuron (SMN) 1 gene on chromosome 5q13 and has an incidence of about 1:10,000. It is characterized by degeneration of the anterior horn cells of the spinal cord resulting in muscle atrophy and proximal muscle weakness. Depending on severity of symptoms and age of onset, SMA was classified into five different subtypes. SMA type 1 is the most common (50-60%) and also the most severe subtype of SMA. Per definition, onset of symptoms is before 6 months of age and mortality of these children is mainly caused by respiratory involvement. From the time point of diagnosis, infants with SMA type 1 rarely achieve improvements of motor function or acquire motor developmental milestones [1] .
Within the last years, there has been a promising approach for the development of novel drugs intervening the pathophysiology of SMA. Among these, nusinersen is the first drug approved to treat SMA [2] . This antisense oligonucleotide (ASO) acts as splicing modifier targeting the intronic splicing silencer N1 in SMN2 [3, 4] . SMN2 is a centromeric copy of SMN1 that produces transcripts of SMN protein lacking exon 7 because of a C-to-T transition in SMN2 [5] , resulting in an alternatively spliced truncated and non-functional SMN protein (SMN 7) [5, 6] . Thus, increasing SMN2 exon 7 inclusion using an ASO as splicing modifier leads to expression of more full-length and functional SMN protein [7] . The results of a phase III randomized, double-blind and sham-controlled clinical trial showed an improvement in motor milestones and event-free survival (time to death or use of permanent assisted ventilation) in infants with SMA type 1 that were treated with nusinersen compared to the control group [8] . Amongst others, inclusion criteria for this phase III clinical trial were onset of symptoms ≤6 months of age, age of ≤7 months at screening and a normal oxygen saturation without ventilator support [8] .
Nusinersen is administered intrathecally. It has been approved in the United States since 12/2016 and in Europe since 06/2017. Prior to approval in Europe, nusinersen was provided to patients with SMA type 1 within an Expanded Access Program (EAP). In contrast to the previous clinical trials, children of different age groups and different stages of the disease were treated with nusinersen within the EAP.
PATIENTS AND METHODS
In Germany, treatment with nusinersen was provided to children with SMA type 1 within the EAP from 11/2016 until 06/2017. Inclusion criteria to participate in the EAP were presence of a genetically proven 5q SMA, documented onset of clinical signs and symptoms before 6 months of age and that patients' care met the guidelines published in 2007 as consensus statement for standard of care in SMA [9] . The following exclusion criteria were defined: participation in an ongoing clinical trial with nusinersen or in a prior nusinersen study, previous exposure to nusinersen, history of brain-or spinal cord disease that would interfere with lumbar puncture procedures or cerebrospinal fluid (CSF) circulation, presence of an implanted shunt for CSF drainage or implanted central nervous system (CNS) catheter, previous or current participation in a clinical trial with an investigational gene therapy for SMA, or participation in a study with an investigational therapy for SMA within the past six months.
We conducted a prospective, longitudinal data collection of SMA patients who started treatment with nusinersen within the EAP and fulfilled the criteria of SMA type 1 with an onset of symptoms ≤6 months of age and no ability to sit independently. In cooperation with the German patient organization for neuromuscular disorders (Deutsche Gesellschaft für Muskelkranke, DGM), patients with SMA type 1 were identified and allocated to the different neuromuscular centers that participated in the EAP.
Treatment with nusinersen
Intrathecal injections with nusinersen were performed on treatment days 1, 15, 30, 60 and 180. Prior to drug approval, dosage of nusinersen was agedependent analogous to the preceding clinical trials: 9.6 mg (0-90 days), 10.3 mg (91-182 days), 10.8 mg (183-365 days), 11.3 mg (366-730 days) and 12 mg (>731 days). After approval, dosage was 12 mg for all children independent of age.
Data collection
Data were collected in seven different German neuromuscular centers during routine patient visits. As characteristics prior to treatment, we documented age at onset of symptoms, age at start of treatment, sex, use of ventilator support, nutritional status, additional therapies, concomitant medication, and SMN2 copy number, if available. Data regarding respiratory and nutritional status, adverse events, and the subjective impression of parents were evaluated during every patient visit. In addition, a clinical examination including vital and growth parameters was performed. As functional outcome measures, we used the Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) [10] and the Hammersmith Infant Neurological Examination (HINE) [11] . Two-day central training workshops were organized for participating physiotherapists.
Primary endpoint
The primary endpoint of our study was change in CHOP INTEND score from baseline. The CHOP INTEND was developed and validated to evaluate the severely limited repertoire of motor skills of infants with SMA type 1 [10] . The score ranges from 0 to 64 points. Natural history studies reveal a mean CHOP INTEND score of 21.4 points in infants with SMA type 1 [12] . CHOP INTEND was performed at baseline and 60 and 180 days after start of treatment.
Secondary endpoints
As secondary endpoint, we used section 2 of the HINE (HINE-2) to investigate the achievement of motor milestones with a score ranging from 0 to 26 [11, 13] . We evaluated seven categories of motor milestones excluding the category of voluntary grasp. According to the previous clinical trials, a motor milestone response was defined as improvement in at least one category (increase ≥1 point in categories head control, rolling, sitting, crawling, standing or walking, or increase ≥2 points in category kicking) and more categories with improvement than categories with worsening. Children who died were considered to have no motor response. The HINE-2 was performed during every patient visit. Furthermore, we evaluated changes in respiratory and nutritional status as well as parents' impression regarding improvements or worsening in motor and respiratory function as secondary endpoints. To evaluate parents' impression, we used a Likert scale with five categories (marked improvement, slight improvement, no changes, slight worsening, and marked worsening).
Statistical analysis
Descriptive data analyses were performed by calculation of absolute frequencies and percentages. Continuous data were analyzed as mean ± standard deviation. Statistical analyses were performed with SAS 9.2 and R [14] . Univariate and multivariate regression analyses were applied to evaluate the effect of age at onset of symptoms, age at onset of treatment, SMN2 copy number, use of ventilator support, nutritional status prior to treatment and CHOP INTEND and HINE-2 score prior to treatment and change in CHOP INTEND score from baseline. Multivariate regression analysis was performed with a backward selection procedure with p = 0.1. Additionally, a Spearman correlation analysis between parents' impression about changes in motor function and the change in CHOP INTEND score from baseline was performed. A p-value of <0.01 was considered statistically significant. In case of missing data on treatment day 180, we used the last observation carried forward approach.
RESULTS

Characteristics prior to treatment
Data of children with SMA type 1 treated with nusinersen were collected in seven different neuropediatric departments in Germany. In total, 61 patients fulfilled the criteria of an onset of symptoms ≤6 months of age and no ability to sit independently. Baseline characteristics are shown in Table 1 . Mean age at onset of symptoms was 2.78 ± 1.72 months and mean age at diagnosis was 5.84 ± 3.56 months. Age at start of treatment was mean 21.08 ± 20.23 months ranging between 1 and 93 months. Prior to treatment, 26 children (42.6%) had no ventilator support, 17 children (27.9%) required non-invasive ventilation (NIV) less than 16 hours per day, 6 children (9.8%) used NIV more than 16 hours per day, and 12 patients (19.7%) had already undergone tracheostomy. In 34 patients (55.7%), a feeding tube or gastrostomy was used and in 12 patients (19.7%) body weight was below the third percentile. As concomitant medication with a potential influence on motor function, the following drugs were named: salbutamole in 6 children (9.8%), and valproate and biocarn in 2 patients (3.3%). Physiotherapy was performed regularly in 46 children (75.4%), speech therapy was performed in 13 children (21.3%) and occupational therapy in 5 children (8.2%).
All children had genetically confirmed 5q-SMA. In our cohort, 38 children (62.3%) had ≤2 SMN2 copies and 20 children (32.8%) had ≥3 SMN2 copies. In 3 patients (4.9%), SMN2 copy number was unknown.
Regarding motor function in our cohort prior to treatment, CHOP INTEND score was 22.3 ± 13.9 ranging from 0 to 50 and the HINE-2 score was 0.8 ± 1.7 ranging from 0 to 8. Characteristics prior to treatment are summarized in Table 1 , with an additional division into subgroups according to SMN2 copy number.
After six months of treatment, all but one child (98.3%) were alive. This one child died after treatment day 60 due to respiratory failure at the age of 5 months. In two children, treatment was delayed about 2 or 3 months between treatment day 1 and 30 due to respiratory failure in one child and a post-lumbar puncture syndrome in the other child. Five children continued treatment at another institution after treatment day 60, so that data for treatment day 180 were not available.
Primary endpoint
Mean CHOP INTEND score after six months of treatment was 31.2 ± 16.2 with an improvement of 9.0 ± 8.0 points. Eight children (13.1%) showed an improvement of 1 to 4 points, 17 children (27.9%) an improvement of 5 to 9 points, 16 children (26.2%) an improvement of 10 to 14 points and 11 children (18.0%) an improvement of ≥15 points in the CHOP INTEND score. Children with ≤2 SMN2 copies had a lower CHOP INTEND score prior to treatment (≤2 SMN2 copies: 19.5 ± 12.8 vs. ≥3 SMN2 copies: 27.7 ± 15.1), but the change in CHOP INTEND score from baseline was comparable to children with ≥3 SMN2 copies (≤2 SMN2 copies: 8.1 ± 7.0 vs. ≥3 SMN2 copies: 8.2 ± 5.3). Regarding age at onset of treatment, we observed a greater change in CHOP INTEND score from baseline in children aged ≤7 months compared to older children (children ≤7 months: change in CHOP INTEND score: 14.4 ± 9.2; children >7 months of age: change in CHOP INTEND score 7.0 ± 6.6). In children requiring permanent ventilator support or tracheostomy prior to treatment, CHOP INTEND score at baseline was 9.4 ± 9.1 and change in CHOP INTEND score was 5.6 ± 7.5. In 11 children, the last observation endpoint was on treatment day 60. In one child, CHOP INTEND was only performed prior to treatment. Results of CHOP INTEND score according to age at onset of treatment are shown in Table 2 and Fig. 1 .
Univariate regression analysis revealed age at onset of treatment as major determinant of change in CHOP INTEND score from baseline (parameter estimate -0.146, 95% CI -0.227; -0.006, p = 0.0006). Backward selection of multivariate regression analysis showed age at onset of treatment as only significant variable.
Secondary endpoints
Regarding motor milestones (HINE-2), 21 patients (34.4%) showed a motor response as defined in the prior to treatment and in 11 children the last observation endpoint was on treatment day 60. * * In 3 children with age ≤7 months SMN2 copy number was unknown. methods section. Fifteen patients (24.6%) showed an improvement of 2 to 4 points, whereas 4 children (6.6%) showed an improvement of ≥5 points. Mean HINE-2 score after six months of treatment was 2.5 ± 3.3 with a mean improvement of 1.4 ± 2.1 points. Four children (6.6%) achieved full head control, and 2 children (3.3%) were able to sit independently. After six months of treatment, none of the children were able to stand or walk independently. Children with ≥3 SMN2 copies had higher HINE-2 scores prior to treatment (≤2 SMN2 copies: 0.5 ± 1.7 vs. ≥3 SMN2 copies: 1.4 ± 1.9). In 7 patients, treatment day 60 was the last observation endpoint and in 6 children HINE-2 was not performed. Results of HINE-2 according to age at onset of treatment are shown in Fig. 2 .
After six months of treatment, 19 children (31.1%) did not require any ventilator support, whereas 6 children (9.8%) started with NIV (<16 hours per day) during the EAP. Three children (4.9%) underwent tracheostomy and four children (6.6%) additionally required NIV >16 hours per day on treatment day 180 (see Fig. 3 ). An improvement was reported in four children (6.6%): in three of them the time of ventilator use was reduced up to eight hours per day and in one child with a milder phenotype prior to treatment, NIV could be terminated after treatment day 30. Regarding nutrition, a gastrostomy was performed in five children (8.2%) during EAP, whereas 24 patients (39.3%) still did not require any nutritional support after six months of treatment (see Fig. 3 ).
We asked parents about their impression regarding improvements or worsening in motor and respiratory function. After six months of treatment, parents of 28 children (45.9%) reported a marked improvement and parents of 29 children (47.5%) a slight improvement in motor function, whereas three parents (4.9%) did not observe any changes and only one parent (1.6%) observed a slight worsening. Regarding respiratory function an improvement was reported in 16 children (26.2%). Among these, only 4 parents (6.6%) indicated a marked improvement. Forty parents (65.6%) did not observe a change and five parents (8.2%) reported a worsening in respiratory function. Correlation analysis of the parents' impression regarding motor function and the change in CHOP INTEND score from baseline revealed no significant correlation (correlation coefficient 0.313, p = 0.015).
Safety
Lumbar punctures were performed without any severe complications and nusinersen was administered intrathecally in all children on all treatment days. Sedation was used during 31.8% of lumbar punctures.
During the EAP, 53 adverse events were reported. Among these, 29 (54.7%) were classified as serious adverse events leading to death, hospitalization or prolonged hospitalization. Respiratory tract infections were the most frequently observed adverse events (58.5%). Furthermore, acute respiratory failure (15.1%), other infections (7.5%), skin reactions (5.7%), epileptic seizures (1.9%), acute hypoglycemia (1.9%), neutropenia (1.9%), or edema and hair loss (1.9%) were reported. As procedural related adverse events, post-lumbar puncture syndrome occurred in three children (4.9%). One child that already required invasive ventilator support due to disease progression suffered from acute desaturation during sedation for lumbar puncture. Adverse events are summarized in Table 3 .
DISCUSSION
In our prospective open-label study evaluating six months of treatment with nusinersen in a broad spec- trum of patients with SMA type 1, we observed an improvement in motor function in many patients.
Comparing our results with the previous clinical trials for infantile onset SMA, we could detect similar results in CHOP INTEND score with a responder rate (improvement ≥4 points) of 77% versus 71% in the previous phase III clinical trial [8] . Improvements in CHOP-INTEND scores were very rarely observed in the sham-control group of the phase III trial and in previous natural history studies [1, 15] . Regarding motor milestones, 34.4% of children in our cohort showed a motor response, compared to 51% in the phase III clinical trial [8] . Motor milestones such as full head control or independent sitting were achieved only by a small percentage of children in our cohort. While the CHOP INTEND was developed to evaluate very limited motor skills [10] , a much larger improvement in motor function is necessary to reach milestones on the HINE-2 scale, thus explaining the higher amount of patients improving in the CHOP INTEND.
The phase II clinical trial showed a mean change in CHOP INTEND score of 15.2 points in children thatreceived12 mgofnusinersenequivalentdose [16] . This finding is comparable to our results regarding the subgroup of children aged less than 7 months at start of treatment. In older children of our cohort, the change in CHOP INTEND score was lower indicating that response to treatment strongly correlates with age at onset of treatment. Preclinical data from animal models [17] [18] [19] and first results from a clinical trial with pre-symptomatic treatment of infants with SMA [20] also provide strong evidence for a critical therapeutic time window for delivery of SMN-targeted therapies. Different methods for a newborn screening have been developedtodiagnoseSMAfromDNAextractedfrom newborn blood spots [21, 22] and there is an effort in different countries over the world to include screening for SMA into newborn screening programs. The implementation of a newborn screening would allow pre-symptomatic diagnosis in many cases.
In addition, treatment was offered to patients with SMA type 1 in various stages of the disease. Children that already required permanent ventilator support or tracheostomy prior to treatment showed lower changes in CHOP INTEND score compared to the overall cohort. Furthermore, the final follow-up was already performed after six months of treatment as compared to 13 months in the previous phase III clinical trial. These factors might also explain the observed differences in motor response.
The overall parents' impression about motor function was an improvement in 93.4% of children after six months of treatment, but the correlation between parents' impression and change in CHOP INTEND score from baseline was not significant. In several cases, parents described improvements in motor function in children with changes less than 4 points or even a worsening in CHOP INTEND score. Here, parents reported small changes in spontaneous movements that are not captured performing the CHOP INTEND or even a more stable course of the disease as improvement in motor function. Parents' high expectations to the new drug treatment might have influenced the positive assessment of their child. Thus, further research is needed to evaluate the impact of changes in CHOP INTEND score on daily life and on quality of life in children with SMA type 1, which are not as obvious as changes in motor milestones.
SMN2 copy number correlates inversely with the severity of the disease [23, 24] . In a Spanish cohort of 625 SMA patients, all children with one SMN2 copy and 88% of those with two SMN2 copies showed a phenotype of SMA type 1 [25] . Children with three SMN2 copies are likely to develop type 1 (6%), type 2 (57%) or type 3 (37%), so that prediction of phenotype in these cases is still challenging [25] . In our cohort, children with ≥3 SMN2 copies showed a milder phenotype with higher CHOP INTEND and HINE-2 scores prior to treatment compared with children having ≤2 SMN2 copies. In addition, the need for ventilator support or a feeding tube was less in children with ≥3 SMN2 copies. However, we documented a similar change in CHOP INTEND score from baseline in both groups, indicating that the change in CHOP INTEND score from baseline did not depend on SMN2 copy number.
In our cohort, we did not observe major improvements in respiratory function. After six months of treatment, more patients received NIV or permanent ventilation as compared to start of treatment, and three patients underwent tracheostomy during the observation period. Most of the parents did not report any changes in respiratory function, although in some cases they perceived a more stable respiratory situation, especially during episodes of respiratory infections. Concerning nutrition, there was also a slight increase of patients requiring tube feeding or gastrostomy during the six months treatment period. The information gathered during this study does not allow a clear judgment whether changes in ventilator support and tube feeding are due to progression of the disease or whether this reflects a more proactive approach to provide NIV or a feeding tube to patients with SMA type 1 after start of treatment with nusinersen. However, it can be concluded that for most patients of our cohort, six months of treatment did not allow to reduce ventilator support or the need for tube feeding.
Although this study does not provide evidence comparable to a randomized controlled trial, the results indicate that even in advanced stages of the disease, nusinersen can lead to improvement of motor function as measured by CHOP INTEND. Within the SMArtCARE project we aim to collect further data to evaluate if the effect size increases with prolonged treatment periods and to what extent these changes affect patients' and caregivers' quality of life. Our findings also add to the increasing body of evidence that early diagnosis and initiation of treatment is fundamental for patients with infantile onset spinal muscular atrophy.
